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Manufacture of an Integrated Three-Dimensional
Structure Nozzle Plate Using Microinjection
Molding for a 1200-dp1 Inkjet Printhead

Sheng-Chih Shen, Min-Wen Wang, and Chung-Jui Lee

Abstract—This paper presents an integrated microtechnology
for the fabrication of a 3-D structure nozzle plate for a 1200-dots-
per-inch (dpi) inkjet printhead. The 3-D structure nozzle plate
contains a fluidic channel, nozzle chamber, and 432 conical nozzles
whose taper angle is about 9°-11° to vertical. When the inte-
grated 3-D structure nozzle plate is packaged onto the printhead,
there is no need for alignment between the nozzle and the ink
chamber, as there is when conventional production methods are
employed. Therefore, misalignment of the nozzle and ink chamber
is avoided, thereby reducing the cost by up to 50%, as well as
greatly improving the print quality. This paper demonstrated
the integration of excimer laser technology and microinjection
molding to fabricate a 3-D structure nozzle plate. Excimer laser
technology was used to create the high aspect ratio pattern with
a tapered angle structure, and then, high-hardness Ni-Co alloy
microelectroforming technology was used to achieve micromold
insertion of the nozzle plate. In the microinjection molding, a
variotherm control system was utilized for rapid heating to the
mold temperature, which must be close to the glass temperature
to ensure a good replication of the nozzle plate. The experiment
resulted in the fabrication of a 3-D structure nozzle plate 2.7 mm
in width and 10.8 mm in length. The total thickness was not more
than 80 + 2 pm (ink channels, nozzle chamber, and nozzle plate),
and the diameter and pitch of the nozzle holes were 25 4+ 2 pym
for the outlet, 43 + 2 pm for the inlet, 84 + 2 pm in pitch, and
30 & 2 pm for the ink channel. Using this 3-D structure nozzle
plate improved the competitiveness of the inkjet printhead. We
have demonstrated the manufacture of the main parts of the 3-D
structure nozzle plate for a 1200-dpi printhead; the aforemen-
tioned fabrication process yields satisfactory results and can be
applied to commercial production. [2008-0079]

Index Terms—Excimer laser, Lithographie Galvanoformung
Abformung (LIGA), microelectroforming, microelectromechani-
cal systems, microinjection molding, nozzle plate.

I. INTRODUCTION

HE DEVELOPMENT of injection molding began more
than 30 years ago, and the micromolding of thermoplas-
tic polymers is now one of the most promising fabrication
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technologies for microdevices [1]. Microinjection molding can
be described as a method of fabrication of microstructures or
components with volumes within the range of millimeter scale,
and the 3-D structure nozzle plate conforms to this description.
Currently, the inkjet printer is of low manufacture cost with
a comparatively good print quality. The market share of the
printhead has grown dramatically over the few past years due
to its advantages of low machining cost, high quality of color
printing, and high resolution [2], resulting in a rapid expansion
of this technology in recent years. The 3-D structure nozzle
plate avoids the generally used multilayer design in which the
first layer includes the electronic circuit and the heaters; the
second layer contains the fluidic parts such as channels, runner,
and chambers; and the third layer consists of the nozzle plate
with laser-drilled nozzles [3]. Additional advantages of the 3-D
structure nozzle plate are the reduction of processing steps
and the need for only one assembling step. The micro nozzle
plate is the most important part of the printhead and influences
droplet formation and stability [4]. Therefore, the fabrication
of printheads could be made cheaper and more reliable as
compared with conventional printheads. However, how to re-
duce the production cost is an important task, and Lithographie
Galvanoformung Abformung (LIGA)-like technology and high
injection speeds, which could potentially be used in the mass
production of microstructures, provide a suitable solution [5].
In addition, the micro nozzle plate can also be applied in
other fields, for example, rapid expansion of a supercritical
solution (RESS) [6], thin-film transistor (TFT)-liquid crystal
display cooler filters [7], organic TFTs [7], organic memory [7],
printed circuit board (PCB) printing [8], deoxyribunucleic-
acid printing [9], accelerating chemical reactions [9], direct-
patterned crystalline films [10], vapor production, drug
delivery, and micronebulizers [11].

At present, three kinds of technology are generally used to
fabricate the micro nozzle plate: 1) Microelectrical discharge
technology. All traditional nozzle plates are fabricated by this
technology; however, it is difficult to fabricate the micro nozzle
plates required for high-resolution and high-density nozzle
holes by this method; 2) microelectroforming technology. In
this method, photolithography technology is used to pattern the
nozzle plates, and then, a nickel nozzle plate with a tapered cave
shape is fabricated by the method of transforming shrinkage.
This technology uses the photoresist method to pattern the
nozzle holes, and the distance between each nozzle hole has
a limit. However, electroforming technology does not have an
acceptable repeatability, particularly for high-resolution nozzle
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TABLE 1
COMPARISON OF FABRICATION TECHNOLOGIES FOR NOZZLE PLATES

Technology Electroforming Laser ablation Micro-injection molding
Nozzle Precision +2pum~+3pm +lpm 2um
Nozzle unity Low Middle High
Pitch between the
nozzle < 85 um NA Yes Yes
With ink channel NA NA Yes
Nozzle plate with 250350 90150 90110
taper angle
Cost Middle High Low
Reference [22] [23]

plates [when the resolution is greater than 600 dots per inch
(dpi)]; and 3) excimer laser machining technology. This tech-
nology uses a pulsed beam to create micro nozzle holes with
diameters in the range of 10-50 pum; however, the high cost
of a single machine, lack of batch processing capability, low
throughput, and low yield are the greatest drawbacks. The light
source characteristics can, however, be used to pattern the high
aspect ratio and micromold insert with the geometric structure
of a tapered angle, and this is a perfect practical technology for
producing a variety of microstructures. The photolithography
process belongs to surface micromachining method in which a
UV light penetrates vertically through the photomask and trans-
fers the photoenergy into the photoresist. The process can only
divide into energy-absorption and non-energy-absorption areas.
Therefore, only vertical structures rather than the taper-angled
patterns can be obtained by the photolithography process. In ad-
dition, excimer laser technology can be used for bulk microma-
chining; it can achieve a taper-angled pattern by controlling the
laser parameter, such as energy density, focal size, frequency,
and pulse number, as well as can perform multilayer, repeat,
and complicated processes on the object.

In recent years, a number of technologies for polymeric
microstructure replication have been proposed, including the
LIGA process [12], [13], hot embossing [14], [15], and in-
jection molding [16]-[19]. However, in the LIGA process,
lithography using a synchrotron orbital radiation X-ray, and
an X-ray masks is expensive; hence, in view of the cost, the
LIGA process is only suitable for high aspect ratio components
and complex structures In the hot embossing process, rapid
expansion of trapped air results in viscous patterns, and local
inhomogeneities in embossing pressure cause surface undula-
tions, increasing the cycle time. Therefore, hot embossing is
not suitable for the mass production of 3-D structure nozzle
plates. Microinjection-molding technology not only has a short
cycle time but also has the advantages of low cost, high
precision, and wide material selectivity for mass production
[20]. Chen and Lan [21] have successfully used microinjection-
molding technology for ceramic microstructures. Table I shows
a comparison of fabrication technologies for nozzle plates. The
high-density unity geometry structure can allow for better pixel
density and faster print times for speedy photographlike im-

ages; thus, the micro nozzle plate is a key part of the inkjet print-
head. Traditional electroforming technology cannot satisfy the
demand for high-quality color images and low machine cost;
excimer laser drilling technology can satisfy the high-quality
color image requirements; however, the machining cost is high,
and the yield rate is low. Therefore, this paper presents an
integrated microtechnology that uses excimer laser technology,
high-hardness Ni—Co alloy microelectroforming technology,
and microinjection-molding technology to fabricate a low-cost
3-D structure nozzle plate with a high-quality printing ability.

II. MOLD INSERT OF THE 3-D NOZZLE PLATE
WITH TAPER ANGLE

A. Excimer Laser Machining

The lithography process of the mold insert of a 3-D structure
nozzle plate uses excimer laser technology to fabricate the
cone-shaped nozzle. An Exitech 8000 excimer laser was used
in this paper; this excimer laser system consisted in the main
of a short-pulse Lambda Physik COMPEX-110 excimer laser
source and an aerotech positioning system. The specifications
of the excimer laser were as follows: wavelength, 248 nm;
maximum pulse energy, 400 mJ; pulse duration, 25 ns; and
maximum pulse repetition rate, 100 Hz. The focused spot
size of the laser beam was 0.25 x 0.25 cm?. The photomask
projection method was used for micromachining after a con-
stant voltage or pulse energy mode has been set up. The laser
projection method uses shots falling in one place through a pho-
tomask. The working parameters of the laser machine for the
ablation of the SU-8 photoresist layer were a shot number, laser
fluence, and pulse repetition rate ranging from 5 to 80 shots,
0.2t0 0.8 J/cm?, and 1 to 100 Hz, respectively. The relationship
between these parameters can be expressed as

S

fzﬁ

(D
where f is the repetition rate, .S is the laser shot number, H is
the dimension of the mask pattern in the scanning direction (in
micrometers), and V is the workstation scanning velocity (in
millimeters per minute).
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As can be seen from the aforementioned expression, although
there are many laser variables, such as V, S, and f, only two
are independent. Equation (1) can be rearranged as

SV

H 7 2)
Equation (2) reveals that H is proportional to .S, and when
a larger H is exposed to the laser beam energy, a deeper
workpiece ablation thickness will be achieved. Based on the
aforementioned theory, different mask patterns can be designed
to obtain various values of H. The laser energy profile for the
mask pattern in terms of the laser shot number [see (2)] can be
calculated, with which a 3-D microstructure can be analogously
predicted

D=KS 3)

where D is the ablation depth in the substrate and K is the
coefficient of the thermal and photochemical properties of
the workpiece, such as the molecular bond energy, molecular
weight, and optical absorption coefficient.

However, the substrate thermal and photochemical properties
are difficult to evaluate and play an important role in laser
ablation. Thus, the depth is a function of S and K, where K
can be treated as a calibration number and is a function of the
material’s thermal and photochemical properties. Based on (2)
and (3), as long as the mask pattern is defined, the lithography
of a 3-D structure nozzle plate produced using laser ablation
can be predicted.

Fig. 1(a) shows the relationship between the fluence and the
ablation rate. The pulse frequency and the pulse number are
20 Hz and 50 shots, respectively. The experiment result is that
the greater the fluence, the higher the ablation rate. Fig. 1(b)
shows the influence of pulse frequency on the ablation rate;
the fluence and pulse number are fixed at 0.455 J/cm? and
50 shots, respectively. When the frequency is higher than 10 Hz,
there is no apparent change in the ablation rate. Fig. 1(c) shows
the relationship between the pulse number and the ablation rate;
the pulse frequency and fluence are 20 Hz and 0.455 J/cm?,
respectively. The ratio of the pulse number to the depth of
the SU-8 thin film can be found, as shown in Fig. 1(c). From
the experimental data, it can be seen that a high pulse energy
increases the ablation rate but that too much energy destroys
the Cr film on the photomask. Increasing the pulse frequency
and fluence increases the velocity of the workpiece scan and
decreases the entire machining time; however, too high a fre-
quency and energy will increase the effect of cumulative heat,
and thus, thermal stress will influence the quality of the machin-
ing of the SU-8 thin film. The inclined angle of the machining
nozzle hole also correlates with the fluence and pulse frequency.
The ablated diameter of the front and back for different laser
fluences was examined, and the relationship between diameter
and fluence is shown in Fig. 2. For a fluence of 0.455 J/cm?, for
example, the ablated front and back diameters were observed
to be 43 and 25 um, respectively. Hence, a conical shape is
created in the kerf. When the laser beam is directed onto the
SU-8 thin film, first, the incident energy is absorbed on the front
side during the ablation process; then, the energy is absorbed
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Fig. 1. Process of SU-8 substrate with excimer laser ablation. (a) Relationship

between fluence and ablation rate (20 Hz, 50 shots). (b) Influence of pulse
frequency on ablation rate (50 shots, 0.455 J/em?). (c) Relationship between
pulse number and ablation rate (20 Hz, 0.455 J/em?).
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Fig. 2. Relationship between diameter and fluence for ablation diameter of
front and back sides (10 Hz).

for material removal, and this behavior explains why a nozzle
conical in shape is created. It makes sense that the larger the
fluence, the larger the diameter. The original nozzle dimension
on the mask was 25 um in diameter. When the fluence was
1.152 J/cm?, as shown in Fig. 2, a front diameter of 65 pm
was observed. From the results, it can be seen that the ablated
diameters depend significantly on the laser fluence. The conical
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Fig. 3. Lithography process of 3-D structure nozzle plate, with taper angle,
was achieved by excimer laser. (a) Conical nozzles produced at different laser
fluences. (20 Hz). (b) Diameter of the front and back sides and the taper angle,
Dtront» Dback 0, and experimental results, respectively, 0.455 J/cm?, 20 Hz,
and 680 pulses. (c) Experimental results of 3-D nozzle plate structure before
electroforming.

nozzles produced at different laser fluences were calculated, as
shown in Fig. 3(a). The taper angle ranged from 9° to 11° to
vertical (H = 50 um), as shown in Fig. 3(b), which reveals
that although the diameter is influenced significantly by laser
fluence, the taper angle is less dependent on it. When a smaller
value of laser fluence was applied, a smaller front and back
diameter was observed; on the other hand, when a greater
fluence was applied, an obvious through hole resulted, leading
to larger front and back diameters. During the laser ablation
experiments, different diameters in the front and back of the
SU-8 thin film were observed in the ablation process at different
laser fluences.

Therefore, based on the results of this paper, suitable process-
ing parameters of a pulse frequency of 20 Hz and a fluence
of 0.455 J/cm? were selected. As shown in Fig. 1(c), a pulse
number of approximately 640 shots must be used when ma-
chining an 80-pm-thick film. In order to ensure completeness of
machining, we used 680 shots as the machining parameter for
a microcore pin of a conical shape. The lithography process of

Excimer Laser

A

1. Lithography process by excimer laser

4. CMP process

2. Au seed layer by sputtering process
HELSER 2 5. Ni-Co nozzle plate mold insert

Fig. 4. Fabrication process of the 3-D structure nozzle plate mold insert.
TABLE 1II
Ni—Co ALLOY ELECTROLYTE COMPOSITION
AND OPERATING CONDITIONS

Parameter Condition
Ni concentration 75g/L
Co concentration 1-25%(w/0) in sol.
Boric acid 35-50g/L
Current density 1-10ASD(Adm-1)
pH 4.0+0.5
Temperature 60+1°C
Agitation Magnetic stirrer

a 3-D structure nozzle plate with a tapered angle was achieved
by excimer laser. In Fig. 3(b), the diameters of the front and
back and the taper angle, which are represented, respectively,
by Dtront, Dback, and 8; H; and the experimental results are
shown. The values of 0.455 J/cm?, 20 Hz, and 680 pulses, as
well as the results shown in Fig. 3(c), were used in the fabri-
cation of the microstructure of a micro nozzle plate by excimer
laser, and an Olympus OLS3000 laser confocal microscope was
used to measure the structure and the depth of the diameter.

B. Fabrication of the 3-D Structure Nozzle Plate Mold Insert

The micromold insert was in the range submicrometer to
1 nm in size, and the dimension precision was within 1-10 pm.
Lithography process technology is used in the fabrication of the
traditional nozzle plate mold inserts to pattern the microcore
pin and microchannel; microelectroforming technology is then
used to fabricate the mold insert. However, spin-coating the
photoresist onto the multilayer microstructure always causes
the surface of the microstructure to become lacunose; when
the substrate is soft baked with the thermal plate, the thermal
air flows upward through the gaps in the microstructure and
breaches the photoresist layer, generating air bubbles. There-
fore, it is necessary to avoid the surface of the mold insert
and multilayer influences affecting the smoothness of the spin-
coating of the SU-8 photoresist. This paper therefore used
a 248-nm excimer laser lithography technology to improve
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Fig. 5. Panorama of the mold insert of the micro nozzle plate with 1200 dpi.

these problems; it also overcame the problem of lithographic
technology (such as the photolithography process, reactive ion
etch (RIE) deep-etching process, and so on) being unable to be
used to fabricate conical structures. At present, the nozzle holes
of inkjet nozzle plates are designed using a taper angle, which
has the advantage of reducing the generation of satellite drop
when the ink jets out. Nozzle holes with a conical angle can be
fabricated by adjusting the processing fluence of the excimer
laser system. The design requirements of the 3-D structure
nozzle plate are shown in Step 1 of Fig. 4; Steps 2—4 of Fig. 4
show the fabrication process, from the sputtering of the Au seed
layer to the electroforming of the Ni—-Co mold insert. The mold
insert requires an electroformed layer of low stress and high
hardness, as well as inside microholes of homogeneous fluence
during the electroforming process. Thus, the electroforming
began at 0.5 amps per square decimeter (ASD), and after 60—
70 min, the fluence was adjusted to 1 ASD until the micromold
insert was completed. For the Ni—Co electroforming, when
0.5% of stress-reducing agents were added and the current
density was controlled appropriately, the internal stress could
be reduced to zero. The Ni—Co alloy electrolyte compositions
and operating conditions used are listed in Table II. Chemical
mechanical polishing (CMP) technology was then used to
polish the rear side of the mold insert. Both the parallelism

WD56.4mm 15.0kV x100  500um

(b)

(d)

()

and flatness of the micromold insert were less than 2 um,
rendering it suitable for the sequential accurate fabrication of
the mold. The substrate was then immerged in the stripper to
peel off the substrate and micromold insert by liftoff technology
and was then cleaned by deionized water. Step 5 of Fig. 4
shows the mold insert and substrate liftoff process schemati-
cally. A roughness of the Ni/Co micromold insert rear surface
of Ra <0.5 pm/10 pm, and an HV value representing a
hardness of about 550 was applied in the development of the
microinjection mold. Fig. 5(a)-(d) shows a panorama of the
mold insert of the micro nozzle plate with 1200 dpi. Fig. 5(a)
and (d) shows the left and right ends of the 3-D micro nozzle
plate, respectively, and Fig. 5(b) and (c) shows the middle
part of the 3-D micro nozzle plate. The large assembly holes
(250 pm in diameter) at the left lower corner of Fig. 5(a) and
the right upper corner of Fig. 5(d) are the positions for the
assembly of the nozzle plate onto the printhead. At the ends
of each row of nozzle holes close to the assembly holes are two
alignment holes (50 pym in diameter). Fig. 5(a)—(d) also shows
the design of the ink channels; the ink supply from the cartridge
runs through the main ink channel into the branch ink channels.
After reaching the ink chamber, as shown in Fig. 5(e), the ink
is ready for injection, which begins with heating by the heating
chip. Fig. 5(e) and (f) shows that the diameter of the tapered



SHEN et al.: THREE-DIMENSIONAL STRUCTURE NOZZLE PLATE FOR 1200-dpi INKJET PRINTHEAD 63

ACKNOWLEDGMENT

The authors would like to thank the Industrial Technology
Research Institute/Micro Systems Technology Center, Tainan,
Taiwan, and the Micro/Nano Science and Technology Center,
National Cheng Kung University, Tainan, for providing access
to equipment and for technical support.

REFERENCES

[1] L. Weber, W. Ehrfeld, H. Freimuth, M. Lacher, H. Lehr, and B. Pech,
“Micromolding—A powerful tool for the large scale production of precise
microstructures,” Proc. SPIE, vol. 2879, pp. 156-167, 1996.

[2] C.Y. Chen, C. C. Cheng, and G. T. C. Chiu, “Adaptive robust control of
media advance systems for thermal inkjet printers,” Mechatronics, vol. 10,
no. 1/2, pp. 111-126, Feb./Mar. 2000.

[3] T.Lizotte, O. Ohar, and S. C. Waters, “Excimer lasers drill inkjet nozzles,”
Laser Focus World, vol. 38, no. 5, pp. 165-168, 2002.

[4] T. W. Shield, D. B. Bogy, and F. E. Talke, “Drop formation by DOD
ink-jet nozzles: A comparison of experiment and numerical simulation,”
IBM J. Res. Develop., vol. 31, no. 1, pp. 96110, Jan. 1987.

[5] W. Bacher, W. Menz, and J. Mohr, “The LIGA technique and its potential
for microsystems—A survey,” IEEE Trans. Ind. Electron., vol. 42, no. 5,
pp. 431-441, Oct. 1995.

[6] C. Domingo, E. M. Berends, and G. M. Van Rosmalen, “Precipitation
of ultrafine benzoic acid by expansion of a supercritical carbon dioxide
solution through a porous plate nozzle,” J. Cryst. Growth, vol. 166,
no. 1-4, pp. 989-995, Sep. 1996.

[7]1 M. Heckele and W. K. Schomburg, “Review on micro molding of thermo-
plastic polymers,” J. Micromech. Microeng., vol. 14, no. 3, pp. R1-R14,
Mar. 2004.

[8] B. Chen, T. Cui, Y. Liu, and K. Varahramyan, “All-polymer RC filter
circuits fabricated with inkjet printing technology,” Solid State Electron.,
vol. 47, no. 5, pp. 841-847, May 2003.

[9] T. Goldmann and J. S. Gonzalez, “DNA-printing: Utilization of a stan-
dard inkjet printer for the transfer of nucleic acids to solid supports,”
J. Biochem. Biophys. Methods, vol. 42, no. 3, pp. 105-110, Mar. 2000.

[10] R. Teranishi, T. Fujiwara, T. Watanabe, and M. Yoshimura, “Direct fabri-
cation of patterned PbS and CdS on organic sheets at ambient temperature
by on-site reaction using inkjet printer,” Solid State Ion., vol. 151, no. 1-4,
pp. 97-103, Nov. 2002.

[11] C. T. Pan, J. Shiea, and S. C. Shen, “Fabrication of an integrated piezo-
electric micro-nebulizer for biochemical sample analysis,” J. Micromech.
Microeng., vol. 17, no. 3, pp. 659-669, Mar. 2007.

[12] S. C. Tzeng and W. P. Ma, “Study of flow and heat transfer characteris-
tics and LIGA fabrication of microspinnerets,” J. Micromech. Microeng.,
vol. 13, no. 5, pp. 670-679, Sep. 2003.

[13] W. Menz, W. Bacher, M. Harmening, and A. Michel, “The LIGA
technique—A novel concept for microstructures and the combination
with Si-technologies by injection molding,” in Proc. IEEE MEMS, 1991,
pp. 69-73.

[14] H. Schift, L. J. Heyderman, M. Auf der Maur, and J. Gobrecht, “Pattern
formation in hot embossing of thin polymer films,” Nanotechnology,
vol. 12, no. 2, pp. 173-177, Jun. 2001.

[15] A. Both, W. Bacher, M. Heckele, K. D. Muller, R. Ruprecht, and
M. Strohmann, “Molding process with high alignment precision for the
LIGA technology,” in Proc. IEEE MEMS, 1995, pp. 186-190.

[16] V. Piotter, T. Hanemann, R. Ruprecht, and J. HauBelt, “Injection mold-
ing and related techniques for fabrication of microstructures,” Microsyst.
Technol., vol. 3, no. 3, pp. 129-133, May 1997.

[17] S. Y. Yang and L. Nien, “Experimental study on injection compression
molding of cylindrical parts,” Adv. Poly. Technol., vol. 15, no. 3, pp. 205-
213, 1996.

[18] H. Eberle, “Micro-injection moulding—Mould technology,” Kunststoffe
Platic Eur., vol. 88, no. 9, pp. 1344-1346, 1998.

[19] S. Moore, “High-speed injection redefines cycle time,” Mod. Plast. Int.,
vol. 29, no. 3, pp. 56-59, 1999.

[20] Y.-C. Su, J. Shah, and L. Lin, “Implementation and analysis of polymeric
microstructure replication by micro injection molding,” J. Micromech.
Microeng., vol. 14, no. 3, pp. 415-422, Mar. 2004.

[21] R. H. Chen and C. L. Lan, “Fabrication of high-aspect-ratio ceramic mi-
crostructures by injection molding with the altered lost mold technique,”
J. Microelectromech. Syst., vol. 10, no. 1, pp. 62—68, Mar. 2001.

[22] B. Burghardt, S. Scheede, R. Senczuk, and H. J. Kahlert, “Ablation plume
effects on high precision excimer laser-based micromachining,” Appl.
Phys., A Mater. Sci. Process., vol. 69, no. 7, pp. S137-S140, Dec. 1999.

[23] C. H. Cheng, S. C. Chen, and Z. S. Chen, “Multilevel electroforming
for the components of a microdroplet ejector by UV LIGA technology,”
J. Micromech. Microeng., vol. 15, no. 4, pp. 843-848, Apr. 2005.

[24] C. J. Yu and J. E. Sunderland, “Determination of ejection temperature
and cooling time in injection molding,” Polym. Eng. Sci., vol. 32, no. 3,
pp. 191-197, Feb. 1992.

[25] D. Yao and B. Kim, “Simulation of the filling process in micro chan-
nels for polymeric materials,” J. Micromech. Microeng., vol. 12, no. 5,
pp. 604-610, Sep. 2002.

Sheng-Chih Shen received the Bachelor’s and Mas-
ter’s degrees in automatic control engineering from
Feng Chia University, Taiwan, in 1996 and 1998,
respectively. He received the Doctoral Engineering
degree in 2002 from the Engineering and System
Science Department, National Tsing Hua University,
Hsinchu, Taiwan.
; He was a Researcher in the MEMS division of
™ the ITRI, Tainan, Taiwan, from 2002 to 2007, and
ﬂ\ ’ a Visiting Scholar in the field of MEMS at Carnegie
Mellon University from 2004 to 2005. He joined the
Department of Systems and Naval Mechatronic Engineering, National Cheng
Kung University, Tainan, Taiwan, as an Assistant Professor in 2007. His current
research interests focus on MEMS, MOEMS, and the LIGA process.

Min-Wen Wang received the B.S. degree in me-
chanical engineering from Chung Yuan Christian
University, Chung Li, Taiwan, in 1984, and the M.E.
and Ph.D. degrees in mechanical engineering from
the University of Florida, Gainesville, in 1991 and
1994, respectively.

He is currently a member of the faculty of
the Department of Mechanical Engineering, Na-
tional Kaoshiung University of Applied Sciences,
Kaohsiung, Taiwan. His current research interests
are micromolding, roll-to-roll microfabrication, and
micromolding machinery.

Chung-Jui Lee received the B.S. and M.S. de-
grees in mechanical engineering from the National
Taiwan University of Science and Technology,
Taipei, Taiwan, in 1985 and 1990, respectively. He
is currently working toward the Ph.D. degree at the
National Cheng Kung University, Tainan, Taiwan.
He is currently a Researcher in the MEMS Di-
vision, Micro Systems Technology Center/Industrial
Technology Research Institute, Tainan. His re-
search interests include the design and fabrication
of micromolding, microinjection, and ultraprecision

machining.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues false
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




